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Abstract
Alcohol abuse is associated with sleep problems, which are often linked to circadian rhythm
disturbances. However, there is no information on the direct effects of ethanol on the mammalian
circadian clock. Acute ethanol inhibits glutamate signaling, which is the primary mechanism through
which light resets the mammalian clock in the suprachiasmatic nucleus (SCN). Glutamate and light
also inhibit circadian clock resetting induced by non-photic signals, including serotonin. Thus, we
investigated the effects of acute ethanol on both glutamatergic and serotoninergic resetting of the
SCN clock in vitro. We show that ethanol dose-dependently inhibits glutamate-induced phase shifts
and enhances serotonergic phase shifts. The inhibition of glutamate-induced phase shifts is not
affected by excess glutamate, glycine or D-serine, but is prevented by excess brain-derived
neurotrophic factor (BDNF). BDNF is known to augment glutamate signaling in the SCN and to be
necessary for glutamate/light-induced phase shifts. Thus, ethanol may inhibit glutamate-induced
clock resetting at least in part by blocking BDNF enhancement of glutamate signaling. Ethanol
enhancement of serotonergic phase shifts is mimicked by treatments that suppress glutamate
signaling in the SCN, including antagonists of glutamate receptors, BDNF signaling and nitric oxide
synthase. The combined effect of ethanol with these treatments is not additive, suggesting they act
through a common pathway. Our data indicate further that the interaction between serotonin and
glutamate in the SCN may occur downstream from nitric oxide synthase activation. Thus, acute
ethanol disrupts normal circadian clock phase regulation, which could contribute to the physiological
and psychological problems associated with alcohol abuse.
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The development of alcoholism and the likelihood of relapse drinking are associated with poor
sleep quality and the deleterious effects of ethanol on sleep (Landolt and Gillin, 2001;Brower
et al., 2001). Alcohol consumption reduces sleep quality (Kubota et al., 2002;Ehler and
Slawecki, 2000;Landolt et al., 1996), which is closely linked to the circadian system. For
example, the inability to fall asleep at the desired time can result from improper synchronization
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of the circadian clock to the environment (Reid and Zee, 2004). Recent studies show that
chronic ethanol alters the circadian free-running period in rats (Rosenwasser et al., 2005a,b)
and inhibits light- and triazolam-induced phase shifts in hamsters (Seggio et al., 2007).
However, little work has focused on whether acute ethanol affects circadian rhythms, and
whether such effects involve direct actions on the master circadian clock located in the
suprachiasmatic nucleus (SCN).

The SCN circadian clock synchronizes with the external environment through direct retinal
input to the SCN. This signaling primarily involves glutamate acting on SCN NMDA and
AMPA receptors. Light (in vivo) and glutamate (in vitro) presented during the night robustly
phase-shift the SCN clock; these effects are mimicked by NMDA (Ding et al., 1994;Mintz et
al., 1999;Mintz and Albers, 1997;Gamble et al., 2004) and blocked by NMDA antagonists
(Abe et al., 1992;Rea et al., 1993). NMDA receptors are one of the principal targets of ethanol
in the brain (Lovinger et al., 1989;Abrous et al., 2005;Krystal et al., 2003;Chandler, 2003).
Acute ethanol exposure both in vivo and in vitro suppresses NMDA receptor-induced ion
currents, Ca2+ influx, and downstream cellular events (Wirkner et al., 2000;Roberto et al.,
2004;Spanagel et al., 2002).

Non-photic stimuli also regulate SCN circadian clock phase. Arousal or behavioral activity
during the daytime (for nocturnal rodents) induce robust phase advances (Mrosovsky,
1988;Reebs et al., 1989;Antle and Mistlberger, 2000) that may involve neuropeptide Y (Biello
et al., 1994;Golombek et al., 1996;Marchant et al., 1997) and/or serotonin (5-HT) (Prosser,
2003;Tominaga et al., 1992;Horikawa and Shibata, 2004;Marchant et al., 1997;Glass et al.,
2003) signaling in the SCN. Interestingly, acute ethanol alters serotonergic signaling (Hayashi
et al., 2003;Thielen et al., 2002;Daws et al., 2006), raising the possibility that ethanol could
also affect the circadian system through modulating serotonergic signaling. Moreover, there
is a mutually antagonistic relationship between non-photic stimuli that induce daytime phase
shifts and photic input mediating nighttime phase shifts. Light or glutamate stimulation during
the day inhibits non-photic phase shifts (Mrosovsky, 1991;Grossman et al., 2000;Hall et al.,
1999;Gamble et al., 2004;Biello et al., 1997;Prosser, 2001;Kallingal and Mintz, 2007), while
nighttime presentation of non-photic stimuli suppresses light/glutamate-induced phase shifts
(Ralph and Mrosovsky, 1992;Yannielli and Harrington, 2004;Smith et al., 2001;Gamble et al.,
2004;Biello et al., 1997;Kallingal and Mintz, 2007). Conversely, suppressing glutamate
signaling during the day can enhance phase shifts induced by non-photic stimuli (Fedorkova
et al., 2002), while decreasing neuropeptide Y or 5-HT signaling at night can enhance photic
phase shifts (Yannielli and Harrington, 2004;Lall and Harrington, 2006;Smart and Biello,
2001;Muscat et al., 2005). Based on these observations, we sought to determine how acute
ethanol affects both glutamatergic and serotonergic resetting of the SCN clock in vitro, and to
begin exploring mechanisms through which ethanol acts.

EXPERIMENTAL PROCEDURES
Brain slice preparation

Coronal brain slices (500 μm) containing the SCN were prepared during the daytime from
adult, male C57BL/J6 mice, housed in 12:12 LD conditions, as reported previously (Prosser
and Gillette, 1989;Prosser et al., 1993;Prosser, 1998). Slices were prepared between Zeitgeber
time (ZT) 0–4 (where ZT 0 = lights-on and ZT 12 = lights-off in the donor animal colony).
Slices were maintained at the interface of a Hatton-style brain slice chamber (Hatton et al.,
1980), where they were perfused continuously with warm (37°C), oxygenated (95% O2/5%
CO2), glucose/bicarbonate-supplemented Earle’s Balanced Salt Solution (EBSS; Sigma-
Aldrich, St. Louis, MO), pH 7.4–7.5. Gentamicin (0.05%) was also added to the perfusion
medium.
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Experimental protocols
———All drugs were prepared in warm, oxygenated EBSS and were bath-applied to the brain
slices. At the onset of the drug treatments, perfusion of the standard medium was stopped, the
medium was completely removed from the chamber, and fresh medium containing the drugs
was applied. Previous experiments have demonstrated that changing the perfusion medium by
itself does not affect the phase of the circadian clock.

———Glutamate treatments—Glutamate (Sigma-Aldrich) was applied for 10 minutes
beginning at either ZT 16, ZT 23, or ZT 6, alone or in combination with varying concentrations
of ethanol (diluted from 95% ethanol, AAPER Alcohol). In some experiments glutamate
treatments were preceded by a 15 min pre-application of glycine or D-serine (Sigma-Aldrich).
In other experiments brain-derived neurotrophic factor (BDNF; Alomone Labs, Jerusalem,
Israel) was applied beginning 30 min prior to co-application with glutamate. Previously we
have shown that the effects of BDNF in the SCN require this duration of pre-treatment (Prosser
et al., 2004).

Serotonergic treatments—At ZT6 brain slices were treated for 10 min with10 uM (+)8-
hydroxy-2-(di-N-propylamino)tetralin (DPAT; a 5-HT agonist selective for 5HT1A/5/7
receptors), applied alone or in combination with ethanol, aminophosphovaneric acid (AP5),
1,2,3,4-tetrahydro-4-nitro-2,3-dixo-benzo(f) quinoxaline-7-sulfonamide (NBQX), K252a,
NG -nitro-L-arginine methyl ester hydrochloride (L-NAME), or a combination of these
compounds (all from Sigma-Aldrich).

Single-unit recordings and data analysis
Single-unit recordings commenced near the beginning of day 2 in vitro (between ZT 22 and
ZT 1). The procedure for neuronal recordings has been described previously (Prosser et al.,
1993;Prosser, 1998). Briefly, the spontaneous activity of single SCN neurons was recorded
extracellularly using glass capillary microelectrodes filled with 3M NaCl. Each neuron was
recorded for 5 min, and the data stored for later determination of firing rate using a
DataWave system (Berthoud, CO). Typically, 4–7 cells were recorded during each hour. These
individual firing rates were then used to calculate 2 h running averages, lagged by 1 h (± SEM),
to obtain a measure of population neuronal activity. As in previous studies (Prosser et al.,
1993;Prosser, 1998), the time of peak neuronal activity was assessed visually by estimating,
to the nearest quarter hour, the time of symmetrically highest activity. For example, if the two
highest 2 h means are equal, then the time of peak is estimated to be halfway between them.
Phase shifts were calculated as the difference in time-of-peak of untreated slices vs. drug-
treated slices. Using these methods, the consistency of the results obtained for each
experimental manipulation is such that differences in phase of as little as one hour are often
statistically significant with few (n=2 to 3) replicates (e.g., (Prosser, 2003;Prosser et al.,
2006).

Statistical Analysis
Differences in the time of peak neuronal activity were assessed using Student’s t-calculationsc
test or ANOVA. In all cases, the level of significance was set at p<0.05. ED50 were performed
by non-linear regression analysis (Prism, San Diego, CA).

RESULTS
Ethanol dose-dependently blocks glutamate-induced phase delays

In untreated brain slices, neuronal activity peaks near the middle of the subjective day (mean
time-of-peak of ZT5.9±0.3 h, n=5). As the experiment in Fig. 1A illustrates, applying 1mM
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glutamate for 10 minutes at ZT 16.0, shifts the time of peak neuronal activity to about ZT 9,
corresponding to a mean (±SEM) phase shift of 2.35 ± 0.5 h (n=3; Fig. 1B). Although ethanol
(20mM) applied alone at ZT 16 had little effect on the time of peak neuronal activity, co-
application with glutamate at ZT 16 completely blocked the glutamate-induced phase delay
(Fig. 1A; mean time-of-peak = ZT 5.9 ±0.3; n=3). This effect was of 10.26 mM (Fig. 1B). The
results of these experiments dose-dependent, with an EC50 are summarized in Figs. 1 and 2.

Glutamate, glycine, and D-serine do not prevent ethanol inhibition of phase delays
To investigate how ethanol inhibits glutamate signaling in the SCN, we first tested whether
excess glutamate could overcome the inhibition induced by a half-maximal concentration of
ethanol (10mM). The results (Fig. 2) show that a 50-fold increase in glutamate concentration
(50 mM) was unable to overcome the inhibition induced by 10mM ethanol.

Next we investigated whether exogenous glycine or D-serine prevent ethanol inhibition of
glutamate-induced phase delays. Both glycine and D-serine are considered co-agonists of
NMDA receptors (Mothet et al., 2000). Some studies suggest that ethanol blocks glycine
binding (Rabe and Tabakoff, 1990;Woodward and Gonzales, 1990), while others have obtained
different results (Gonzales and Woodward, 1990;Wright et al., 1996). Most relevant to our
studies, 1nM glycine increases NMDA activity in the SCN (Ito et al., 1991). Therefore we
treated SCN brain slices with 10nM glycine together with ethanol (20mM) and glutamate
(1mM). As shown in Fig. 3, glycine did not block ethanol inhibition of glutamate-induced
phase delays. Also, 10nM glycine applied alone had no effect on the time of peak activity.
Higher concentrations of glycine could not be tested for their ability to prevent ethanol
inhibition, since they induced significant phase shifts on their own (data not shown), possibly
through activation of glycine receptors (Ito et al., 1991).

Similar results were obtained with D-serine. As shown in Fig. 3, application of100 uM D-serine
had no effect on ethanol inhibition of glutamate-induced phase delays. D-serine also did not
alter the phase of neuronal activity when applied alone. Together with the previous results,
these data suggest that ethanol inhibition of glutamate-induced phase delays does not occur
through blocking the binding of either glutamate or its co-agonist to its receptor.

BDNF prevents ethanol inhibition of glutamate-induced phase delays
Ethanol blocks BDNF-induced enhancement of glutamate signaling in the hippocampus (Kolb
et al., 2005), while increases in BDNF signaling can decrease ethanol consumption (McGough
et al., 2004). BDNF is produced in the SCN (Liang et al., 1998b), and its signaling through
TrkB receptors enhances glutamate signaling in the SCN (Michel et al., 2006). Thus, in these
next experiments we investigated whether exogenous BDNF (100ng/ml) prevents ethanol
inhibition of glutamate-induced phase delays. BDNF treatment by itself at ZT 16 did not affect
the phase of in vitro neuronal activity, and the phase delay induced by co-application of BDNF
with glutamate was the same as that induced by glutamate alone (Fig. 4). However, BDNF
administration completely prevented ethanol inhibition of glutamate-induced phase delays
(Fig. 4). Since BDNF enhancement of glutamate signaling in the SCN involves TrkB receptor
activation (Liang et al., 1998a;Liang et al., 2000;Michel et al., 2006;Kim et al., 2006), these
data support the conclusion that ethanol blocks glutamate-induced phase delays by inhibiting
BDNF-TrkB signaling.

Ethanol inhibition of glutamate-induced phase advances is inhibited by BDNF
Next we investigated the effects of acute ethanol treatment on glutamate-induced phase
advances. Glutamate (1mM) applied for 10 min at ZT 23 induced robust phase advances of
about 3 h (Fig. 5), consistent with previously reported results in rats (Ding et al., 1994;Ding et
al., 1997;Ding et al., 1998). As seen with glutamate-induced phase delays, co-application of
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20 mM ethanol completely blocked glutamate-induced phase advances, while having no effect
on the phase of neuronal activity when applied alone. To explore whether the mechanisms of
ethanol actions at ZT 23 are consistent with those at ZT 16, we investigated whether BDNF
prevents ethanol inhibition of glutamate-induced phase advances. BDNF had no effect on the
phase of neuronal activity when it was applied alone or in combination with glutamate at ZT
23. However, BDNF completely prevented ethanol inhibition of glutamate-induced phase
advances (Fig. 5).

Ethanol inhibition of daytime glutamate-induced phase advances
Light pulses normally do not shift the circadian clock when presented during the subjective
day when BDNF levels are low. However, infusion of BDNF into the SCN allows expression
of daytime light-induced phase advances (Liang et al., 2000). We therefore investigated
whether similar daytime phase shifts can be generated by glutamate treatment in vitro and if
they are inhibited by ethanol. As shown in Fig. 6, treatment of SCN brain slices at ZT 6 by
glutamate alone has no effect, but glutamate co-applied with BDNF induces a mean phase shift
of 3.32 ± 0.27 h, n=3 (p<0.01 vs control). This phase advance is prevented by co-application
of 20 mM ethanol. Conversely, BDNF and ethanol applied alone or together had no effect, and
glutamate applied with ethanol had no effect on the phase of neuronal activity. Together with
the previous experiments, these data are consistent with ethanol inhibiting glutamate-induced
phase shifts by inhibiting BDNF signaling in the SCN.

Ethanol dose-dependently enhances daytime serotonergic phase shifting
Next we investigated whether ethanol affects daytime serotonergic phase shifting. We
previously have shown that application of the 5-HT agonist, DPAT, at ZT 6 to mouse SCN
brain slices dose-dependently phase-advances the circadian clock, with maximum phase shifts
of about 3 h in response to 10 uM DPAT (Prosser, 2003;Prosser et al., 2006). Therefore, this
dosage was used in the present experiments. While application of ethanol alone at ZT 6 had
no effect on the phase of neuronal activity, co-application of ethanol (100mM) with DPAT
increased the size of the DPAT-induced phase advances by about 50% (4.6 ±0.14 h, n=4 for
DPAT + ethanol vs. 3.05 ±0.2h, n=5 for DPAT alone; p<0.01; of Fig. 7A). This effect of ethanol
was dose-dependent, as shown in Fig 7B, with an ED50 19.84 mM.

Glutamatergic antagonists also enhance serotonergic phase shifts
To determine if the enhancing effect of ethanol on serotonergic phase shifts is due to blocking
glutamate signaling, we tested whether glutamate receptor antagonists (AP5 and NBQX) have
a similar effect to that of ethanol. As seen in Fig. 8A, co-application of AP5 with DPAT at ZT
6 enhanced the size of the phase advance to a similar degree to that seen with ethanol (mean
phase shift = 4.4 ± 0.0 h, n=3; p<0.05). Again, this effect wasdose-dependent, with an ED50
of 0.75 uM (Fig. 8B). Co-application of NBQX also enhanced DPAT-induced phase advances
(mean phase shift = 4.15 ±0.4, n=2; p<0.05; Fig. 8A). Neither AP5 nor NBQX had any effect
when applied alone.

Blocking TrkB receptor activation enhances serotonergic phase shifting
As the inhibitory effects of acute ethanol on glutamate-induced phase shifts involve blocking
BDNF signaling, we next investigated whether blocking TrkB receptor activation with K252a
mimics the effects on ethanol on DPAT-induced phase shifts. While K252a application alone
at ZT 6 had no effect, co-application of K252a with DPAT enhanced serotonergic phase
advances to a similar extent as seen with ethanol (mean phase shift = 4.53 ± 0.5 h, n=2; p<0.05;
Fig. 8A). Thus, these data support the conclusion that acute ethanol enhances serotonergic
phase shifts in vitro by blocking the actions of glutamate, and that this inhibition could involve
inhibition of BDNF-TrkB signaling.
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Ethanol and glutamate signaling blockers enhance serotonergic phase shifting in a non-
additive manner

It is notable that ethanol and the other agents that inhibit glutamate signaling all enhanced
DPAT-induced phase shifts to a similar degree. If they act through different mechanisms, then
a combination of two such compounds should have an additive effect when applied together.
Therefore, we co-applied 100mM ethanol and 10uM AP5 with DPAT. As seen in Fig. 8C,
these treatments induced a mean phase advance of 4.07 ± 0.2h (n=3), similar to the
enhancement induced by either AP5 or ethanol when individually co-applied with DPAT. Thus,
ethanol and AP5 likely enhance DPAT-induced phase shifts through affecting the same
signaling pathway, namely blocking glutamatergic signaling.

Blocking nitric oxide generation enhances serotonergic phase shifting
In these experiments we investigated whether inhibition of DPAT-induced phase shifts
involves processes downstream from glutamate receptor activation. Previous work has shown
that glutamate-induced phase shifts require generation of nitric oxide (NO) (Ding et al.,
1994;Ding et al., 1997), and in vitro application of glutamate to SCN slices induces NO
production that is inhibited by AP5, K252a and the nitric oxide synthase (NOS) antagonist, L-
NAME (R.A. Prosser and Y. Lee, unpublished results). Here we tested whether DPAT-induced
phase shifts are enhanced by blocking NOS activity with L-NAME. As shown in Fig. 9, co-
application of L-NAME and DPAT induced phase shifts comparable to those induced by DPAT
+ ethanol (mean phase shift = 4.48 ± 0.2, n=2; p<0.05), while L-NAME application alone had
no effect. Likewise, co-treating slices with DPAT, ethanol and L-NAME induced a phase
advance of 4.15 ±0.47 (n=3; Fig 8), which is no larger than that induced by DPAT co-applied
with either ethanol or L-NAME alone. Thus, the inhibitory actions of glutamate on serotonergic
signaling in the SCN occur, at least in part, downstream from NO generation.

DISCUSSION
Ethanol blocks glutamate-induced phase shifts

These experiments demonstrate for the first time that acute ethanol inhibits glutamate signaling
in the SCN circadian clock, the primary mechanism through which circadian rhythms are
synchronized to the external environment. Previous work has focused solely on the effects of
chronic ethanol administration on circadian rhythms and has not addressed either the location
or mechanism of ethanol action. Thus, these results significantly advance our understanding
of how ethanol affects the circadian system. Importantly, the 20 mM ethanol used in these
experiments corresponds to a blood alcohol content of 0.1%, suggesting that transient increases
in ethanol produced by consuming just a few alcoholic beverages could lead to impaired clock
synchronization. Still to be determined, however, is how blood alcohol content corresponds to
ethanol concentration in the SCN.

Little is known about how ethanol affects circadian rhythms, and the results in the literature
are somewhat inconsistent. For example, chronic ethanol in hamsters apparently does not alter
circadian clock re-entrainment (Mistlberger and Nadeau, 1992), while chronic ethanol can
inhibit light-induced phase advances and (daytime) triazolam-induced phase advances in
hamsters, but not light-induced phase delays (Seggio et al., 2007). Rosenwasser, et al.
(2005a,b) also showed that chronic ethanol affects circadian free-running periods in rats but
not light-induced phase shifts. None of these studies investigated the acute effects of ethanol
or whether ethanol acts directly in the SCN. Since glutamate signaling mechanisms show
compensation in response to chronic ethanol (Krystal et al., 2003;Chandler, 2003), a lack of
effect of chronic ethanol on photic resetting or entrainment could be due to compensatory
changes occurring within the SCN or elsewhere.
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On the other hand, the differences between our results and those of some previous studies could
also be due to our use of an in vitro preparation. To test this possibility, we recently investigated
the in vivo effects of acute ethanol on photic phase-shifting in hamsters. Our preliminary results
indicate that acute late-night intra-peritoneal injections of ethanol dose-dependently inhibit
light-induced phase advances in hamsters (Ruby et al., 2006). Thus, acute ethanol can inhibit
photic phase shifts in vivo in hamsters, consistent with our in vitro results in mice.

Ethanol does not act by blocking glutamate or co-agonist binding
The dose dependent effects of ethanol could be mediated through competitive inhibition of
glutamate or its co-agonist binding to its receptor. However, the fact that ethanol continues to
fully block glutamate-induced phase shifts in the presence of excess glutamate suggests that
ethanol does not inhibit glutamate binding to NMDA receptors, consistent with previous
studies (Hoffman, 2003). Additionally, neither excess glycine nor excess D-serine were able
to overcome the inhibitory effects of ethanol. Previous studies have provided mixed results
with respect to whether ethanol interferes with glycine or D-serine binding to NMDA receptors
(Gonzales and Woodward, 1990;Woodward and Gonzales, 1990;Rabe and Tabakoff,
1990;Wright et al., 1996). The results here suggest that ethanol does not affect co-agonist
binding to NMDA receptors in the SCN.

Ethanol affects BDNF signaling in the SCN
BDNF pre-treatment prevented ethanol inhibition of both glutamate-induced phase delays and
advances, suggesting that ethanol inhibits BDNF signaling in the SCN. Such an action by
ethanol would be consistent with previous work showing that acute ethanol blocks BDNF
enhancement of NMDA currents in the hippocampus (Kolb et al., 2005). Interestingly,
infusions of BDNF antisense oligonucleotides into the amygdala increased anxiety-like
behaviors and alcohol consumption (Pandey et al., 2006), consistent with ethanol inhibiting
BDNF signaling in the amygdala. Another line of research suggests that increases in BDNF
transcription in the hippocampus are associated with increased ethanol consumption, and that
inhibiting this increase in BDNF leads to decreased ethanol consumption (McGough et al.,
2004). BDNF signaling via TrkB receptors enhances NMDA receptor-generated ion currents
in brain regions including the hippocampus (Levine et al., 1998;Kovalchuk et al., 2002;Kolb
et al., 2005) and the SCN (Kim et al., 2006;Michel et al., 2006). This enhancement may involve
activation of src-like kinases, which phosphorylate residues on NMDA receptor subunits (Xu
et al., 2006). BDNF production in the SCN exhibits a circadian rhythm with high levels at
night, and is required for nocturnal light- and glutamate-induced phase shifts (Liang et al.,
2000;Allen et al., 2005;Prosser et al., 2004;Michel et al., 2006). The importance of BDNF for
glutamate signaling in the SCN is further supported by results showing that addition of
exogenous BDNF allows light (Liang et al., 2000) and glutamate (present results) to induce
phase advances in the subjective day. The fact that ethanol inhibits these daytime glutamate-
induced phase shifts further supports our overall conclusion that ethanol inhibits glutamate
actions in the SCN by blocking BDNF-TrkB signaling. A model illustrating the cellular
mechanisms involved in glutamatergic phase shifts and how ethanol might act to inhibit these
phase shifts is shown in Fig. 10.

Another possibility is that ethanol blocks glutamate-induced phase shifts by enhancing GABA
activity in the SCN (Weiner and Valenzuela, 2006). GABA is known to block photic phase
shifts (Ralph and Menaker, 1989;Mintz et al., 2002). However, ethanol was shown to not
enhance GABA currents in SCN neurons (Kawahara et al., 1993), and it is not clear how excess
BDNF would be able to reverse GABAergic inhibition of glutamate phase shifts, as seen here.
Thus, the data are more consistent with ethanol acting on glutamate signaling.
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Acute ethanol enhances non-photic phase shifts
In contrast to its inhibitory effects on glutamate-induced phase shifts, ethanol dose-dependently
enhances daytime serotonergic phase advances. One potential mechanism through which
ethanol could enhance serotonergic phase shifts would be to increase serotonin availability, an
effect seen in other studies (Hayashi et al., 2003;Thielen et al., 2002;Daws et al., 2006).
However, our previous data indicate that the concentration of DPAT used in these experiments
is saturating with respect to inducing phase advances (Prosser, 2003). Importantly, DPAT
activates all the serotonin receptor subtypes currently thought to participate in daytime
serotonergic phase shifts (Lovenberg et al., 1993;Sprouse et al., 2004b;Sprouse et al.,
2005;Sprouse et al., 2004a). Therefore, it is unlikely that the enhancing effect of ethanol is due
to an increase in serotonergic tonus.

Ethanol enhancement of serotonergic phase shifts could occur through inhibiting glutamate
signaling

It is well established that light and glutamate agonists inhibit non-photic phase shifts
(Mrosovsky, 1991;Grossman et al., 2000;Hall et al., 1999;Gamble et al., 2004;Biello et al.,
1997;Prosser, 2001). Further, we have shown that non-photic phase shifts, including in vitro
serotonergic phase shifts, are enhanced by a treatment (enzymatic removal of polysialic acid)
that inhibits glutamate signaling in the SCN (Fedorkova et al., 2002). Given the strong
inhibitory effect of acute ethanol on glutamatergic signaling (Ron, 2004;Chandler,
2003;Woodward, 2000;Krystal et al., 2003) including in the SCN (Ruby et al., 2006; data
presented here), we hypothesize that ethanol enhances serotonergic phase shifts through
inhibiting glutamate signaling. To test this, we co-applied DPAT with a variety of agents that
inhibit photic/glutamate signaling in the SCN, including AP5, NBQX, K252a and L-NAME
(Rea et al., 1993;Ding et al., 1994;Mintz et al., 1999;Schurov et al., 1999;Michel et al.,
2006;Kallingal and Mintz, 2006). In each case, the antagonist treatment enhanced DPAT-
induced phase advances by about 50%. Notably, we found further that co-application of either
AP5 or L-NAME with ethanol did not produce an additive stimulation of DPAT-induced phase
shifts. Serotonergic treatments can generate significantly larger phase shifts than those seen
here (Knoch et al., 2004;Medanic and Gillette, 1992), so it is therefore unlikely that the lack
of additivity seen in these experiments is attributable to a ceiling effect. Thus, these data are
consistent with the conclusion that ethanol inhibits glutamate signaling in the SCN, and this
inhibition produces the enhancement of serotonergic phase shifts.

Glutamate inhibition of serotonergic phase shifts may occur downstream from nitric oxide
generation

We also assessed the mechanism of interaction between glutamate and serotonergic phase
resetting. The interaction could occur proximally or distally to glutamate receptor activation.
For example, glutamate-induced changes in intracellular Ca2+ can suppress serotonin receptor
responsiveness (Bockaert et al., 2006). Conversely, the interaction could occur further
downstream from glutamate receptor activation. To explore this latter possibility, we
determined whether blocking NOS activity enhances serotonergic phase shifts. Blocking NOS
activity with L-NAME inhibits glutamate- and light-induced phase shifts (Ding et al.,
1994;Ferreyra et al., 1998), while application of NOS donors at night induces photic-like phase
shifts (Ding et al., 1994). Furthermore, we have shown that glutamate induces NO generation
in the SCN in vitro, and this induction is inhibited by ethanol, AP5, K252a and L-NAME
(Prosser and Lee, unpublished results). Our data showing that co-application of L-NAME with
DPAT again enhanced DPAT-induced phase shifts by about 50% supports the theory that
glutamate inhibits serotonergic phase shifts through process(es) downstream, rather than
upstream, of NOS activation (see Fig. 10). Additional research directed at the specific
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mechanisms of the glutamate/serotonin interaction is needed in order to expand on this portion
of the model.

Acute ethanol disruption of circadian clock synchronization
Although acute ethanol is widely known to disrupt sleep processes, its effects on circadian
rhythms have received little attention. Our data show that low concentrations of ethanol can
affect both daytime and nighttime phase shifting processes in mice in vitro, and suggest that
both effects involve inhibiting glutamate signaling processes. Ethanol inhibition of in vitro
glutamate-induced phase shifts is also consistent with our preliminary data demonstrating
inhibition of photic phase shifts in hamsters in vivo, showing the potential for ethanol to
suppress normal circadian rhythm entrainment to light-dark cycles. This disruption of normal
rhythm synchronization is likely to be exacerbated by the enhanced daytime serotonergic phase
shifting by ethanol. Non-photic phase shifts may normally be under tonic suppression through
glutamatergic inhibition (Fedorkova et al., 2002), potentially an important mechanism
reinforcing proper entrainment. For example, it could suppress inappropriate clock resetting
in response to brief daytime increases in arousal or activity (in nocturnal animals). Combining
ethanol-induced suppression of nocturnal phase-shifting signals with a potentiation of daytime
resetting could lead to more erratic circadian entrainment. In humans this problem might
manifest itself as irregular rhythmicity in sleep and other behaviors.

In summary, we show here that acute treatment with low levels of ethanol inhibits glutamate-
induced phase shifts and enhances serotonergic phase shifts of the SCN circadian clock in
vitro. The data support the conclusion that ethanol blocks BDNF-TrkB enhancement of
glutamate signaling in the SCN, which in turn dis-inhibits serotonergic signaling in the SCN.
Together, these results suggest that acute exposure to the amount of ethanol consumed in 3-4
alcoholic beverages could significantly impair the normal entrainment processes of the
circadian clock, which could lead to poorly synchronized behavioral and physiological
rhythms.
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Abbreviations
AP5  

aminophosphovaneric acid

BDNF  
brain-derived neurotrophic factor

DPAT  
(+)8-hydroxy-2-(di-N-propylamino)tetralin

EBSS  
Earle’s Balanced Salt Solution

5-HT  
serotonin

L-NAME  
NG -nitro-L-arginine methyl ester hydrochloride

NBQX  
1,2,3,4-tetrahydro-4-nitro-2,3-dixo-benzo(f) quinoxaline-7-sulfonamide
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NO  
nitric oxide

NOS  
nitric oxide synthase

SCN  
suprachiasmatic nucleus

ZT  
Zeitgeber time
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Figure 1.
Glutamate-induced phase delays are inhibited by ethanol. A. Shown are the 2 h means ± SEM
of SCN neuronal activity obtained in a control experiment and in experiments where slices
were treated at ZT 16 on the first day in vitro with the compounds indicated. In control
experiments, neuronal activity peaks near ZT 6 on the second day in vitro. Neuronal activity
peaks approximately 3 h later after treatment with glutamate (1mM) applied alone at ZT 16,
indicating the SCN clock had been phase-delayed by 3 h. Co-application of 20mM ethanol
treatment with glutamate blocked the phase delay, while ethanol treatment alone had no effect.
Horizontal bars: time of lights-off in the animal colony; vertical bars: time of drug treatment;
dotted line: mean time-of-peak in control experiments. B. Dose response curve for ethanol
inhibition of glutamate-induced phase shifts. Shown are the mean phase delays (±SEM)
induced by glutamate applied alone or together with difference concentrations of ethanol.
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Figure 2.
Summary of phase-shifting experiments with glutamate and ethanol. Shown are the mean (±
SEM) phase delays induced by different treatments applied at ZT 16. Glutamate applied at ZT
16 induces phase delays of about 2.5 h that are partially inhibited by 10mM ethanol and fully
inhibited by 20mM ethanol. A 10-fold increase in glutamate (50mM) does not prevent the
partial inhibition by 10mM ethanol. Ethanol applied alone has no effect. *p<0.05 vs. control
experiments
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Figure 3.
Summary of phase-shifting experiments with glutamate applied alone or with ethanol at ZT
16 with or without different co-agonists. Glutamate (1mM)-induced phase delays (mean ±
SEM) are inhibited by 20mM ethanol and this effect is not reversed by either 10nM glycine or
100uM D-serine. The co-agonists had no effect when applied alone. *p<0.01 vs. control
experiments
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Figure 4.
Summary of phase-shifting experiments with glutamate applied alone or with ethanol at ZT
16 with or without BDNF. Glutamate(1mM)-induced phase delays (mean ± SEM) are inhibited
by 20 mM ethanol and this effect is completely reversed by co-treatment with 100ng/ml BDNF.
BDNF treatment did not alter glutamate-induced phase delays when the two are applied
together, and did not induce a phase shift when applied alone. *p<0.01 vs. control experiments
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Figure 5.
Summary of phase-shifting experiments with glutamate applied alone or with ethanol at ZT
23 with or without BDNF. Glutamate (1mM) advances the neuronal activity rhythm by about
3.5 h when applied alone at ZT 23, and this is completely blocked by co-treatment with 20mM
ethanol. Pre-treatment with 100ng/ml BDNF reverses the ethanol inhibition. Neither ethanol
nor BDNF treatment affected the phase of neuronal activity when applied alone, and BDNF
did not alter glutamate-induced phase advances when the two were applied together. *p<0.01
vs. control experiments.
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Figure 6.
Summary of phase-shifting experiments with glutamate, BDNF and/or ethanol applied at ZT
6. Glutamate (1mM) advances the neuronal activity rhythm by about 3.5 h when applied with
100 ng/ml BDNF at ZT 6, but not when applied alone. This effect is completely blocked by
co-treatment with 20mM ethanol. Neither ethanol nor BDNF treatment affected the phase of
neuronal activity when applied alone or together, and ethanol + glutamate treatment also did
not induce a phase shift when applied together. *p<0.01 vs. control experiments.
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Figure 7.
DPAT-induced phase advances are enhanced by ethanol. A. Shown are the 2 h means ± SEM
of SCN neuronal activity obtained in individual experiments. Neuronal activity peaks
approximately 3 h early after treatment with DPAT (10uM) applied alone at ZT 6, indicating
the SCN clock has been phase-advanced by 3 h. Treating the slices with DPAT + ethanol at
ZT 6 induced a larger phase advance of about 4.5 h. Ethanol treatment alone had no effect.
B. Dose response curve for ethanol enhancement of DPAT-induced phase shifts. A maximal
enhancement of about 1.5 h is produced by 100mM ethanol, while 20mM ethanol induced a
partial enhancement. See Fig. 1 for details.
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Figure 8.
Summary of phase-shifting experiments with DPAT, DPAT with various co-treatments, or the
co-treatments applied alone. A. Mean (± SEM) phase advances induced by DPAT applied at
ZT 6 are significantly enhanced to similar degrees by different co-treatments that all inhibit
glutamate signaling, while the co-treatments alone had no effect. Drug concentrations: DPAT,
10uM; ethanol, 100mM; AP5, 10uM; NBQX, 10uM; K252a, 1uM. B. Dose response curve
for AP5 enhancement of DPAT-induced phase shifts. AP5 induces a maximal enhancement of
about 1.5 h. C. Enhancement of DPAT-induced phase advances by a combination of ethanol
+ AP5 is comparable to that seen when each treatment is applied alone with DPAT. Thus, there
appears to be no additivity between these two treatments. *p<0.05 vs. DPAT alone.
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Figure 9.
Summary of phase-shifting experiments with 10uM DPAT, 100uM L-NAME and/or 100mM
ethanol. DPAT-induced phase advances are enhanced by L-NAME, and this effect is not further
enhanced by addition of ethanol. Neither L-NAME nor L-NAME+ethanol induced significant
changes in phase when applied alone. *p<0.05 vs. DPAT alone.
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Figure 10.
Model for BDNF enhancement of glutamate-induced phase shifting in the SCN, and potential
locations in the signaling pathway where ethanol could inhibit this process. Glutamate released
from the retinohypothalamic nerve terminals (RHT) activates post-synaptic NMDA receptors,
induces an increase in intracellular Ca2+, and activates NOS to produce NO. Subsequent
downstream processes lead to phase delays or phase advances, depending on the time of
stimulation (early or late night, respectively) by altering transcription of circadian clock genes.
Full activation of these processes requires phosphorylation of the NMDA receptors through
BDNF/TrkB receptor activation of a Src family kinase. Ethanol could inhibit BDNF/TrkB
enhancement of glutamate signaling through several different mechanisms. Glutamate
inhibition of serotonergic phase shifting during the subjective day involves processes
downstream from NO generation. GC: guanylate cyclase, cGMP: cyclic GMP; MAPK:
mitogen-activated kinase; CREB: cyclic AMP-dependent response element binding protein;
Ryn: ryanodine receptor.
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